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The blastocyst stage of embryo development is characterized by a ¯uid-®lled cavity called the blastocoel. Blastocoel
formation requires vectorial Na/ and Cl0 transport and the accompanying osmotic accumulation of ¯uid. We found under
conditions of low external Cl0 that inhibitors of Cl0 transport mechanisms inhibited blastocoel expansion, indicating a
possible transcellular route for Cl0 uptake across the outer epithelial layer (the trophectoderm). Using the Cl0-sensitive
¯uorophore, N-(6-methoxyquinolyl)acetoethyl ester, we found that Cl0 ef¯ux from the blastocoel can occur via pathways
with properties that resemble both HCO03 /Cl0 exchange and Cl0 channels, as well as by another yet uncharacterized
pathway. In contrast, Cl0 re-uptake into Cl0-depleted blastocoels (the physiologically relevant direction for Cl0 transport
during blastocoel expansion) occurred only via the channel-like mechanism. Patch-clamp recordings detected a component
of current carried by apical Cl0 channels. Intracellular pH measurements during external Cl0 removal detected
HCO03 /Cl0 exchange activity in collapsed blastocysts but little in intact blastocysts, suggesting predominantly basolateral
HCO03 /Cl0 exchange activity. This was corroborated by the immunolocalization of the AE2 isoform of HCO03 /Cl0 exchanger
to the basolateral surface of the trophectoderm. Thus, it appears that Cl0 transport into the blastocoel may occur via apical
Cl0 channels, while ef¯ux also involves a basolateral HCO03 /Cl0 exchanger. q 1997 Academic Press
INTRODUCTION pathways by which Na/ and Cl0 cross the trophectoderm
are not fully elucidated. In analogy to other ¯uid-trans-
porting epithelia, these pathways may possibly consist of aA key event in embryo development is the formation of
set of apically localized ion transporters and a different setthe blastocyst, which features an epithelial layer (the troph-
of basolaterally localized transporters. Alternatively, someectoderm) enclosing a ¯uid-®lled cavity (the blastocoel).
ion ¯ux may take a paracellular route, bypassing the cellsFluid transport into the blastocoel, as in other ¯uid-trans-
of the trophectoderm altogether.porting epithelia, occurs as a result of the net uptake of
In the rabbit, which exempli®es a maximally expandingNaCl, which draws water into the cavity osmotically (Big-
type of blastocyst, There is active Na/, Cl0, and probablygers et al., 1988). Transport of Na/ and Cl0 into the blasto-
HCO03 transport into the blastocoel (Cross, 1973, 1974).coel is energized by a basolaterally localized Na//K/ AT-
Apically localized amiloride-sensitive Na/ channels and aPase, which drives Na/ from the trophectodermal cell cyto-
furosemide-sensitive Na/, Cl0 cotransporter may consti-plasm into the cavity (DiZio and Tasca, 1977; Biggers et al.,
tute apical routes of Na/ entry (Powers et al., 1977; Benos1978; Watson and Kidder, 1988). However, the complete
and Biggers, 1983; Robinson et al., 1991), while the cotrans-
porter could also serve for apical Cl0 entry. Among mini-
mally expanding blastocysts, apical Na/ entry into the1 Current address: Department of Biological Sciences, Wayne
State University, Biological Sciences Building, Detroit, MI 48202. mouse blastocyst appears to be mediated by a Na//H/ anti-
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HCO03 /Cl0 exchangers, was used for some experiments. However,porter and possibly an amiloride-sensitive Na/ channel
its ¯uorescence interferes with the Cl0 assay we used (see below),(Manejwala et al., 1989). The route for Cl0 is, however,
and therefore the non¯uorescent analog, 4,4*-diisothiocyanatodihy-uncertain. Based on a lack of saturability of Cl0 transport,
drostilbene-2,2*-disulfonic acid (H2DIDS; Molecular Probes) wasand the insensitivity of 36Cl0 uptake and blastocyst expan-
used for most studies. We also used indanyloxyacetic acid (IAA-sion to various anion transport inhibitors, Manejwala et al.
94; Research Biochemicals, Natick, MA), a preferential inhibitor
(1989) proposed that Cl0 takes a paracellular route into the of Cl0 channels, and furosemide (Sigma), an inhibitor of Cl0/cation
mouse blastocoel. In contrast, based on measurements of cotransporters such as the Na/, K/, 2Cl0, and Na/, Cl0 cotransport-
Cl0 ef¯ux from the blastocoel using a Cl0-sensitive ¯uoro- ers. Freshly prepared 10001 stocks in dimethyl sulfoxide (DMSO;
phore loaded into the blastocoel cavity, Brison and Leese Sigma) were used. DMSO alone had no effect (not shown). We
con®rmed that such inhibitors would probably not cross the troph-(1993) proposed that HCO03 /Cl0 exchange was part of a
ectoderm, and therefore could not act basolaterally, by exploitingtranscellular Cl0 pathway in the rat blastocyst. Thus, there
the ¯uorescence of DIDS to demonstrate that no DIDS had enteredare con¯icting data concerning whether Cl0 takes a paracel-
the blastocoel after a 10 min exposure to 0.5 mM DIDS. The otherlular or transcellular route and about the identities of any
inhibitors have molecular weights similar to DIDS and thereforemechanisms of transcellular Cl0 transport. It is possible
should be similarly excluded. The concentrations chosen werethat there are real differences in Cl0 transport between min-
those shown in the literature to maximally inhibit the target Cl0
imally and maximally expanding blastocysts or between transport pathway.
species. The con¯ict might also arise from the differing
methods used to elucidate such transport pathways. In addi-
tion, in the rabbit, the identi®ed transport pathways were Measurements of Blastocyst Expansion
detectable only after the blastocyst had begun its rapid
Early cavitating blastocysts and late morulae were placed inexpansion phase (Powers et al., 1977; Benos and Biggers,
groups into culture dishes at 377C, 5% CO2 in media as speci®ed.1983; Robinson et al., 1991), which occurs after it has sur-
The longest and shortest axes of each cavity were measured initiallypassed the size of a mouse blastocyst; thus, the transport
and then every 2 hr for 8 hr. The product of the long and short axes,
pathways identi®ed in the rabbit appeared restricted to the proportional to the projected area, was used as a measure of size.
rapid growth phase, and the mechanisms of initial expan- Mean area increased linearly with time for 4±6 hr, depending upon
sion, which might resemble those of minimally expanding treatment, and then leveled off (not shown). The initial rate of in-
blastocysts, remain unknown. We have therefore under- crease was calculated by linear regression (SigmaPlot, Jandel, San
taken studies to attempt to clarify the routes which Cl0 Rafael, CA). Mean expansion rates were compared using t tests or
by ANOVAs followed by Tukey±Kramer multiple comparison teststakes across the trophectoderm in the expanding mouse
(InStat, Graphpad Software, San Diego, CA).blastocyst.
MATERIALS AND METHODS Measurement of Cl0 Changes in the Blastocoel
Cavity
Media
We used a modi®cation of the technique developed by Brison
KSOM mouse embryo culture medium (HCO03 /CO2 buffered, 5% and Leese (1989). N-(6-methoxyquinolyl)acetoethyl ester (MQAE;
CO2 equilibrated) with BSA omitted was used (Lawitts and Biggers, Molecular Probes), a ¯uorophore whose ¯uorescence is quenched
1993; Erbach et al., 1994). For HCO03 -free medium (HCO03 -free by Cl0 and other halides, was loaded into blastocoel cavities by
KSOM), NaHCO3 was replaced with isomolar Hepes (pH 7.4, air incubating blastocysts with 20 mM MQAE at 377C for 30 min in
equilibrated). For handling blastocysts prior to experiments, KSOM hypotonic Hepes-KSOM (diluted 1:1 with water) and then another
with 21 mM Hepes and 4 mM HCO03 (Hepes-KSOM) was used (air 30 min in the medium to be used for the experiment. Blastocysts
equilibrated). For reduced Cl0 and Na/, gluconate and choline, re- were then placed into a temperature- and atmosphere-controlled
spectively, were substituted. Chemicals were obtained from Sigma chamber (Biophysica, Sparks, MD). Fluorescence was measured us-
(St. Louis). ing a quantitative imaging ¯uorescence microscopy system (Zhao
et al., 1995; Zhao and Baltz, 1996), with excitation at 350 nm, and
¯uorescence images were collected using a 450-nm bandpass ®lterBlastocysts
(half-width 20 nm).
Blastocysts were obtained by ¯ushing excised uterine horns of Fluorescence images of each group of MQAE-loaded blastocysts
female CF1 mice (Charles River, St-Constant, PQ) after superovula- were recorded at 2-min intervals for 10 min in the initial Cl0-
tion by intraperitoneal injection of 5 IU pregnant mare's serum containing medium, 26 min in the appropriate Cl0-free medium,
gonadotropin (PMSG, Sigma, at 4:00 PM) followed 48 hr later by 5 and ®nally 26 min in Cl0-free or Cl0-containing medium, which
IU human Chorionic Gonadotropin (hCG, Sigma) and mating with contained transport inhibitors where needed. Data from blastocoels
BDF males. Late morulae/early cavitating blastocysts were ob- whose diameter changed by5% were excluded. None of the inhib-
tained on Day 4 post-hCG, around 8:00 AM, fully expanded blasto- itors used with MQAE either ¯uoresced themselves or affected
cysts around 12 noon, and intermediate stages between. MQAE ¯uorescence: Adding each inhibitor to an MQAE solution
in microcapillary tubes had no detectable effect on ¯uorescence
(not shown).Inhibitors
Florescence intensities were normalized by dividing by the ini-
tial intensity (mean of ®rst ®ve determinations). MQAE ¯uores-4,4*-Diisothiocyanatostilbene-2,2*-disulfonic acid (DIDS; Molec-
ular Probes, Eugene, OR), an inhibitor of Cl0 channels and cence decreases with increasing Cl0 concentration, due to colli-
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sional quenching, with a hyperbolic dependence (Verkman, 1990).
However, for small changes in Cl0 such as occurred here, the rate
of decrease in Cl0 concentration is approximately linearly related
to the rate of increase in ¯uorescence intensity. Thus, relative Cl0
``ef¯ux'' and ``re-uptake'' rates as discussed here are actually rates
of change in normalized ¯uorescence intensities (in min01). Data
were analyzed by linear regression (SigmaPlot) to determine the
rate of ¯uorescence intensity increase or decrease. Regression lines
were compared using 95% con®dence intervals. Rates were com-
pared using t tests or ANOVAs followed by Tukey±Kramer tests
(InStat) as appropriate. These analyses, and the graphical analyses
used, are described under Results.
Intracellular pH Measurements in
Trophectodermal Cells
Intracellular pH (pHi) was measured using a pH-sensitive ¯uoro-
phore 2*,7*-bis(carboxyethyl)-5 (and -6)-carboxy¯uorescein (BCECF).
Blastocysts were loaded with BCECF by incubation with 0.12 mM
BCECF acetoxymethylester (BCECF-AM; Molecular Probes) for 15
min at 377C. The pHi was determined by ratiometric measure- FIG. 1. Dependence of blastocoel expansion rate on external Na/
ments, with excitation at 450 and 490 and emission at 540 nm. or Cl0 concentration. The rate of blastocoel expansion (measured
When necessary, blastocysts were collapsed mechanically using a as the rate of increase in projected area/min in arbitrary units) was
narrow-bore pipet. determined as a function of Na/ (10±130 mM) or Cl0 (10±110 mM)
HCO03 /Cl0 exchanger activity was assayed by the Cl0 removal concentration. Each point represents a mean expansion rate{ SEM.
technique, as previously described (Zhao et al., 1995; Zhao and Each expansion rate was calculated for groups of 8±14 blastocysts,
Baltz, 1996). The removal of Cl0 causes any exchangers present to and there were 4±9 groups per point.
run backward, importing HCO03 and thus increasing pHi. Therefore,
an increase in pHi indicates HCO03 /Cl0 exchange activity. The ini-
tial rate of increase was determined by linear regression to the
initial portion of the data. These rates were compared by t tests Indirect immuno¯uorescence detection was performed as pre-
(Excel, Microsoft). viously described (Sabolic et al., 1997; Stuart-Tilley et al., 1994)
following epitope unmasking with SDS (Brown et al., 1996).
Washed sections were incubated for 1±2 hr at room temperaturePatch-Clamp Recordings of Trophectodermal Cell with antibody. AE2-speci®c antibody had been raised against a mu-
Currents rine AE2-speci®c peptide (C-terminal amino acids 1224±1237) and
was used in the presence of either 12 mg/ml of a nonspeci®c peptideElectrophysiological measurements were made using intact blas-
or the AE2 peptide for negative controls. Na//K/ ATPase was im-tocysts, whose zonae had been removed (2 mg/ml Pronase, Sigma,
munolocalized with a monoclonal antibody against the a1 subunit10 min). Recordings were made using an Axon Instruments (Foster
(kindly provided by D. Fambrough, Johns Hopkins University). An-City, CA) Axopatch 200 ampli®er and pClamp 6 software. A
tibody-labeled sections were then incubated for 1 hr with ¯uoro-gigaohm seal was formed on the apical surface of the trophecto-
phore-conjugated second antibody (10±15 mg/ml), washed, andderm, away from the inner cell mass, and recordings were made in
mounted in 50% glycerol/PBS with 2% n-propyl gallate. Immuno-the whole-cell mode. Measurements were made in Hepes-KSOM
staining was recorded using an Olympus BH-2 epi¯uorescence mi-at room temperature. The pipet solution contained 100 mM K/
croscope with Kodak (Rochester, NY) TMAX 400 ®lm pushed toaspartate, 1 mM Na EGTA, 10 mM Na Hepes, 2.5 mM Na2ATP,
1600 ASA.and 3.5 mM MgCl2, at pH 7.25. To quantitate the effects of the
inhibitor DIDS, conductances at/30 mV were calculated by regres-
sion to the voltage vs current data between /20 and /40 mV.
Comparisons were made by ANOVAs followed by Tukey±Kramer RESULTS
tests or by t tests (InStat), as appropriate.
The Effect of Ion Substitution and Cl0 Transport
Immunohistochemistry Inhibitors on Blastocoel Expansion
Embryos were ®xed (3% paraformaldehyde / 1 mg/ml polyvi- The sizes of the blastocoel cavities of embryos starting
nylalcohol (PVA) for 30 min) in phosphate-buffered saline (PBS) on as cavitating morulae or early blastocysts were measured
ice. They were then placed in molten 3% gelatin (Sigma) in PBS at over 8 hr. In KSOM medium (5% CO2), blastocysts were377C, cooled until solidi®ed, and trimmed. Specimens were post-
fully expanded by the end of the incubation (not shown).®xed for 1 hr and stored at 47C in PBS / 0.02% sodium azide until
The initial rate of expansion depended on the concentrationthey were in®ltrated with 30% sucrose in PBS-azide (overnight)
of either Cl0 or Na/ in the medium, with slower expansionand frozen in liquid N2. Seven-micrometer sections were then cut
rates in media with lower levels of either ion (Fig. 1). Atwith a Reichert Frigocut cryostat and stored on slides in PBS-azide
at 47C until use the same day. ion concentrations below 60 mM, decreasing Na/ had a
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greater effect than decreasing Cl0 (P  0.012 by t test com-
paring rates in 30 mM Na/ and Cl0).
To determine if inhibitors of Cl0 transport could affect
expansion, we utilized media with high Na/ and high or
low Cl0. In 110 mM Cl0, neither DIDS (includes H2DIDS)
nor furosemide had any signi®cant effect on expansion,
while IAA-94 somewhat inhibited expansion (Fig. 2, top). In
9 mM Cl0, however, both DIDS and IAA-94 nearly abolished
blastocoel expansion (Fig. 2, bottom), decreasing it to the
rate observed in the absence of Cl0 (Fig. 1). Furosemide had
no signi®cant effect.
MQAE Fluorescence Measurements of Cl0 in
Blastocoel Cavities: The Effect of External Cl0
Removal in the Presence or the Absence of HCO03
The Cl0-sensitive ¯uorophore MQAE was loaded into
blastocoel cavities to allow changes in the Cl0 concentra-
tion of blastocoel ¯uid to be detected. Figure 3A shows
¯uorescence from two such blastocysts, one where the ini-
tial Cl0-containing KSOM was replaced with the identical
medium when indicated and the other where the initial
medium was replaced with Cl0-free KSOM.
When blastocysts were exposed only to Cl0-containing
medium, the ¯uorescence intensity declined linearly with
time, due presumably to slow loss of the dye (Verkman,
FIG. 3. Change in ¯uorescence intensity of MQAE in blastocoel
cavities after removal of external Cl0. (A) Examples of measurements
of relative MQAE ¯uorescence in individual blastocoel cavities. Rel-
ative intensity (I/I0) is the measured intensity divided by the mean
initial intensity (see Materials and Methods) and is unitless. After
the ®rst 4 points, the solution was changed to either the same solu-
tion containing Cl0 (open circles) or to Cl0-free solution (closed cir-
cles). Cl0 ef¯ux results in an increase in MQAE ¯uorescence. (B
and C) The distribution of rates of relative ¯uorescence intensity
increases in HCO03 /CO2 buffered medium (B) or nominally HCO03 -
free, Hepes-buffered medium (C). Rates are expressed as d(I/I0)/dt,
in units of min01 and are the slopes of the linear regressions. The
horizontal axis indicates relative rates of ¯uorescence increase, di-
vided into bins 0.0005 min01 in width, while the vertical axis indi-
cates the fraction of blastocysts exhibiting ef¯ux rates within each
bin. The total numbers of blastocysts were 266 (B) and 440 (C).
FIG. 2. Blastocoel expansion rates in the presence of Cl0 transport
inhibitors. Expansion rates were measured and expressed as means {
SEM (see Fig. 1). Each point represents the mean expansion rates of
4±8 groups of blastocysts, with 8±15 blastocysts in each group, except 1990; Brison and Leese, 1993). The rates of ¯uorescence loss
for the furosemide group in 9 mM Cl0, where only 2 groups were done
(d(I/I0)/dt) were 00.0027 { 0.0004 min01 in HCO03 /CO2-(9 and 12 blastocysts). The labels indicate 0.5 mM DIDS or H2DIDS
buffered KSOM (mean{ SEM, n 43) and00.0020{ 0.0007(responses were indistinguishable and were pooled), 0.1 mM IAA-94
min01 in HCO03 -free KSOM (n  21; not signi®cantly differ-or 0.5 mM furosemide. Asterisks indicate signi®cant difference from
ent: P  0.33 by t test).control within each Cl0 concentration (**P  0.001, *P  0.01, by
ANOVA followed by Tukey±Kramer multiple comparison test). Following removal of external Cl0, however, MQAE
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¯uorescence increased linearly with time (Fig. 3A). Figures
3B and 3C show the frequency distribution of the calculated
rates of increase in MQAE ¯uorescence after external Cl0
removal for all blastocysts examined. HCO03 had a marked
effect on the rate of ¯uorescence increase. The mean rate
in the presence of HCO03 was 0.0059 { 0.0002 ({SEM) com-
pared to 0.0039 { 0.0001 in the absence of HCO03 . The
difference is highly signi®cant (P  0.0001 by Welch's t
test). Thus, lack of HCO03 inhibits Cl0 ef¯ux.
We measured the long and short axes of the blastocoel of
each blastocyst in which ef¯ux rate was determined, using
the quantitative imaging system. The square root of the
product of the two axes was taken to be the diameter of
the blastocoel, although no information regarding the third
dimension of the cavity was obtained. There was little if
any dependence of the rate of ¯uorescence increase after
Cl0 removal upon the diameter of the blastocoel, either in
the presence of HCO03 (Fig. 4A) or in its absence (Fig. 4B).
Effect of Cl0 Transport Inhibitors on Rates of Cl0
Ef¯ux from Blastocoel Cavities
FIG. 5. Examples of the protocol used to determine the effects of
Because there was very signi®cant variation among individ- Cl0 transport inhibitors on the rate of change in MQAE ¯uores-
ual blastocysts (Fig. 3), we measured the ef¯ux rate from each cence after external Cl0 removal. MQAE ¯uorescence in blastocoel
cavities was measured ®rst in Cl0-containing medium, then
switched to Cl0-free medium, and then again to Cl0-free medium
with or without a Cl0 transport inhibitor. In these examples, the
top plot shows such a manipulation without any inhibitors added,
while the bottom shows the effect of including 0.5 mM H2DIDS
in the second Cl0-free solution. Rates of increase in relative ¯uo-
rescence (d(I/I0)/dt) were calculated from linear regressions to each
portion of the curve, shown here as solid lines. The solutions in
these examples were HCO03 /CO2 buffered.
individual blastocoel ®rst in Cl0-free medium and then after
changing to identical Cl0-free medium with or without a Cl0
transport inhibitor (Fig. 5). To visualize any changes between
the ®rst and second rates, the ®rst rate of ¯uorescence in-
crease (in the absence of inhibitors) was plotted against the
second rate (in the presence or absence of inhibitors) for each
blastocyst (Fig. 6). In this plot, if there is no change in rate
for a given blastocyst (e.g., top of Fig. 5), its point will lie on
the dotted line with slope  1. If the second rate is lower
(e.g., bottom of Fig. 5), the point will lie below the line.
The change of solution per se had no effect on rate, either
in the presence of HCO03 (6A) or in its absence (Fig. 6C). In
both cases, a regression line ®t to the data lay almost exactly
on a line with slope  1. In contrast, when H2DIDS was
added, most points fell below this line, as did the regression
lines ®t to the data, either in the presence of HCO03 (Fig.
6B) or in its absence (Fig. 6D). IAA-94, tested in the absence
of HCO03 , had a similar effect (Fig. 6E). In contrast, furose-FIG. 4. Rates of change of MQAE ¯uorescence after external Cl0
mide had no effect (Fig. 6F).removal as a function of blastocoel size. The data in Fig. 3 were
To analyze these data quantitatively, we calculated theanalyzed to determine whether there was any dependence on the
ratios of the second to ®rst rates (Fig. 7). A ratio of 1size of the blastocoel cavity. The ``average'' diameter of the blasto-
indicates no change in Cl0 ef¯ux. The decrease in ef¯uxcoel cavity (see text) was used as a measure of size. Each point
represents the size and ef¯ux rate for a single blastocoel. rate in the presence of H2DIDS was highly signi®cant,
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FIG. 6. Effect of HCO03 or inhibitors of Cl0 transport on the rate of change of MQAE ¯uorescence in individual blastocoels after external
Cl0 removal. In each graph, the horizontal axis shows the relative rate of ¯uorescence increase (d(I/I0)/dt) in the ®rst Cl0-free medium
(see ®g. 5), and the vertical axis show the rate in the second Cl0-free medium with or without inhibitors. The solid lines are linear least
squares regressions forced through the origins. The treatments were (A) HCO03 /CO2 buffered Cl0-free KSOM (n  42); (B) the same as in
A but with 0.5 mM H2DIDS in the second solution (n  43); (C) HCO03 -free KSOM (n  41); (D) the same as in C but with 0.5 mM H2DIDS
(n  42); (E) the same but with 0.1 mM IAA-94 (n  37); (F) the same but with 0.5 mM furosemide (n  61). The measurements were
made in 4±12 separate experiments in each treatment group.
both in the presence of HCO03 (decrease to 0.46; P 0.0001 Cl0 Re-uptake into Cl0-Depleted Blastocoels
vs HCO03 control, by t test), or in its absence (decrease to
We used a protocol similar to that used for measuring0.72; P  0.001 vs HCO03 -free control, by ANOVA and
ef¯ux rates to examine re-uptake of Cl0 into blastocoelsTukey±Kramer test). Inhibition by IAA-94 was also very
which had been depleted of Cl0. As above, the blastocystsigni®cant (decrease to 0.66; P  0.001 vs HCO03 -free con-
was ®rst exposed to Cl0-free medium, allowing Cl0 ef¯uxtrol). Furosemide had no effect (P  0.05 vs HCO03 -free
control). which is revealed as an increase in MQAE ¯uorescence in
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the blastocoel. Upon re-introduction of external Cl0, ¯uo-
rescence decreased linearly with time (Fig. 8, top), indicative
of an increase in Cl0 concentration. H2DIDS, when used,
was included upon Cl0 reintroduction (e.g., Fig. 8 bottom).
To visualize the changes, we again plotted the second rate
against the ®rst rate for each individual blastocyst (Fig. 9).
In this case, the plots did not follow a simple linear relation-
ship. Instead, there was an apparent threshold value of the
rate of ¯uorescence intensity increase during Cl0 ef¯ux,
below which blastocysts did not exhibit any detectable re-
uptake after Cl0 reintroduction. This threshold was higher
in the presence of HCO03 (about 0.005 min01) than in its
absence (0.003 min01). Above threshold, however, there was
a linear correspondence between ef¯ux and re-uptake rates.
The data could thus be ®t best by two linear regressions,
one with a near-zero slope below the threshold and the
other, above the threshold, which had a signi®cant slope
(Figs. 9A and 9B). The presence of H2DIDS after Cl0 re-
introduction had a marked inhibitory effect on re-uptake
(Figs. 8 bottom and 9C).
To quantitate these data, the rates of decrease in ¯uores-
cence after Cl0 reintroduction were plotted for blastocysts FIG. 8. Changes in MQAE ¯uorescence in the blastocoel during
whose initial ef¯ux rates were above the threshold (Fig. removal and subsequent reintroduction of external Cl0. MQAE
10). In contrast to the ef¯ux data, there was no signi®cant ¯uorescence was measured ®rst in Cl0-containing medium, then
difference between re-uptake rates in the presence or the switched to Cl0-free medium, and then back to Cl0-containing me-
dium with or without a Cl0 transport inhibitor. In these examples,absence of HCO03 (P  0.05 by t test). H2DIDS, however,
the top plot shows such a manipulation without any inhibitorssigni®cantly decreased the apparent re-uptake rate, with the
added, while the bottom shows the effect of including 0.5 mM
H2DIDS in the last solution. Rates of increase in relative ¯uores-
cence (d(I/I0)/dt) were calculated from linear regressions to each
portion of the curve, shown as solid lines. The solutions in these
examples were HCO03 /CO2 buffered.
mean rate decreasing from a mean of 00.0081 { 0.0010
({SEM) in control to 00.0041 { 0.0007 in the presence of
H2DIDS (P  0.002 by t test).
Measurements of Trophectodermal Cell Currents
in Intact Blastocysts
In an attempt to detect currents in trophectoderm cells
carried by possible apical Cl0 channels, we obtained patch-
clamp recordings in the whole-cell mode from two intact
blastocysts. Current at the holding potential of 060 mV
remained stable for at least 1 hr, and the blastocysts re-
mained intact and expanded throughout the entire period.
The apical, i.e., external, solution contained 110 mM Cl0;
the pipet solution contained 7 mM Cl0; and the basolateral,
i.e., blastocoel, Cl0 concentration was unknown, but likely
FIG. 7. Analysis of the effect of inhibitors of Cl0 transport on the resembled the external concentration (Borland et al., 1977).
rate of change of MQAE ¯uorescence after removal of external Cl0. To obtain current±voltage relationships, a voltage ramp
The data shown in Fig. 6 were expressed as the ratio of the rate of
(060 to /40 mV in 1.67-mV increments, held for 10 msecCl0 ef¯ux in the second Cl0-free solution to that in the ®rst. The
at each voltage) was repeated every 100 sec. The currentsbars represent the means { SEM of the ratios in each treatment,
were outwardly recti®ed in both blastocysts, exhibiting up-indicated at bottom, corresponding to the groups shown in Fig. 6.
ward curvature at positive voltages (Fig. 11).Asterisks indicate signi®cant difference vs the appropriate control,
either HCO03 -containing or HCO03 -free (**P  0.0001, *P  0.001). To attempt to detect any portion of this current due to
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apical Cl0 channels, we applied 0.5 mM DIDS to the apical
trophectoderm. Upon DIDS exposure, a decrease in current
occurred which was most substantial at positive potentials
and which required several hundred seconds to reach its
maximal extent, after which time the current remained sta-
ble (Fig. 11). In the presence of DIDS, in both cases, the
current±voltage relationship lost any curvature, and be-
came linear. The DIDS-inhibitable portion of the current is
FIG. 10. Analysis of effect of H2DIDS or lack of HCO03 on the rate
of change of MQAE ¯uorescence after reintroduction of external Cl0.
Data for blastocysts where the rate of increase in ¯uorescence was
greater than the threshold values, as shown in Fig. 9, were used for
comparison. The bars show the mean { SEM of the rates of ¯uores-
cence decrease. Signi®cant difference is indicated by an asterisk (P
 0.011). The treatments, corresponding to those shown in Fig. 9,
are indicated at the bottom. For HCO03 -containing medium, n  50;
for HCO03 -free, n  28; for H2DIDS, n  35. These are the subsets
of the data shown in Fig. 9 which are above the threshold values.
shown in the inset in Fig. 11. Washing out DIDS produced
a partial recovery (not shown). To quantitate DIDS inhibi-
tion, we compared apparent conductances calculated at/30
mV. For the currents measured from the patch-clamped
trophectoderm cell of one blastocyst, shown in Fig. 11, the
conductance was 25.0{ 0.6 nS (mean{ SEM, n 4 sequen-
tial voltage ramps 100 sec apart) before DIDS. In the pres-
ence of DIDS, the conductance fell to 12.8 { 0.3 nS. For
the other blastocyst, the conductance measured from the
patch-clamped trophectoderm cell was 15.6 { 0.2 before
DIDS and 10.3 { 1.0 nS after DIDS. The differences are
highly signi®cant (P  0.001 by t test for each).
FIG. 9. Effect of HCO03 or H2DIDS on the rate of change of MQAE
¯uorescence after reintroduction of external Cl0. Data are plotted HCO03 /Cl0 Exchangers in the Trophectoderm
as in Fig. 6, with the horizontal axes showing the rate of change
of ¯uorescence (d(I/I0)/dt) in Cl0-free medium, and the vertical axes We used intracellular pH measurements to determine
showing the rate after reintroduction of Cl0. Each point gives the whether there was detectable HCO03 /Cl0 exchanger activity
values for individual blastocysts. The data could be ®t with two in trophectoderm (Zhao et al., 1995; Zhao and Baltz, 1996).
linear regressions, one for rates of ¯uorescence increase in Cl0-free Upon Cl0 removal, a clear alkalinization was observed in
medium which were below a threshold value and another for rates collapsed blastocysts, with a mean initial alkalinization
above the threshold. The threshold values used are indicated by rate ({ SEM) of 0.010 { 0.002 pH units/min (Fig. 12). In
vertical dashed lines and are 0.005 in the HCO03 -containing groups contrast, when intact blastocysts were subjected to Cl0 re-and 0.003 in the HCO03 -free group. Data for blastocysts in
moval, so that Cl0 was only depleted from the apical sur-HCO03 /CO2 buffered medium are shown in A (n  79) and in the
face, there was very little alkalinization (0.0025 { 0.0004same medium with 0.5 mM H2DIDS in C (n  51). Data for
pH units/min), indicating little activity. The difference isHCO03 -free medium are shown in B (n  40). Measurements were
made in 3±5 separate experiments for each treatment group. very signi®cant (P  0.0014 by t test).
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We used immunohistochemistry to localize the AE2 iso-
form of HCO03 /Cl0 exchanger protein in embryos. Four- to
8-cell embryos showed AE2-speci®c immunostaining in the
plasma membrane, especially in regions of cell±cell contact
(Fig. 13A). In blastocysts, AE2-speci®c immunostaining was
evident in the basolateral membranes of trophectodermal
cells (Figs. 13C and 13G), with lesser, probably nonspeci®c,
staining in cytoplasmic regions as well (see ®gure legend).
The membrane localization of AE2-speci®c staining was
similar to that of the more intensely stained a1 subunit of
Na//K/ ATPase (Fig. 13E), which is known to be restricted
to the basolateral trophectoderm. No obvious AE2 immuno-
staining was detectable in the apical membranes of trophec-
todermal cells (see ®gure legend).
DISCUSSION
Trans-trophectodermal Cl0 Transport May
Participate in Blastocoel Expansion
FIG. 12. Assay for HCO03 /Cl0 exchanger activity in intact andWe found that decreasing the concentration of either Cl0 collapsed blastocysts. The rate of alkalinization upon Cl0 removal
or Na/ inhibited blastocoel expansion, in agreement with was used as a measure of HCO03 /Cl0 exchanger activity in blasto-
cysts. Intracellular pH (pHi) was measured by ratiometric ¯uores-
cence measurements, using BCECF. The bars indicate the mean
rate of alkalinization { SEM, for collapsed or intact blastocysts.
The difference is signi®cant (P  0.0014). The inset shows exam-
ples; Cl0 removal is indicated by the arrows.
previous reports (Manejwala et al., 1989; Brison and Leese,
1993). Reducing Na/ had the greater effect at low ion con-
centrations, implying that Na/ transport, rather than Cl0
transport, might be the rate-limiting transport process.
When assessed in medium with 9 mM Cl0, the inhibitors
DIDS (or H2DIDS) or IAA-94 nearly abolished blastocoel
expansion. Since these inhibitors target transmembrane
transporters, this result indicates that transcellular Cl0
transport is capable of contributing to blastocoel expansion.
In contrast, there was little (IAA-94) or no (DIDS) signi®cant
inhibition in 110 mM Cl0. The lack of any large effects of
inhibitors in 110 mM Cl0 is consistent with the results
of Manejwala et al. (1989) and may indicate that a large
component of paracellular Cl0 transport exists in high Cl0
but is absent in low Cl0, or that the low level of Cl0 in¯ux
likely to occur in the presence of inhibitors suf®ces to sus-
tain the relatively slow process of blastocoel expansion, es-FIG. 11. Current/voltage plot for whole-cell patch recording from
pecially if Cl0 transport is not rate-limiting, or that hightrophectoderm of an intact blastocyst. The patch electrode was
positioned on the apical trophectoderm, away from the inner cell Cl0 competitively inhibits the actions of the drugs.
mass, on an intact blastocyst. The holding potential was 060 mV.
The solid curves represent data from voltage ramps with test poten-
Cl0 Ef¯ux from the Mouse Blastocoeltials between 060 and /40 mV, recorded at 100-sec intervals. Im-
mediately thereafter, 0.5 mM DIDS was introduced into the bath, As reported for the rat (Brison and Leese, 1993), Cl0 ef¯ux
and voltage ramps were again recorded at 100-sec intervals, as from the mouse blastocoel is signi®cantly inhibited by the
shown by the dashed curves. Current decreased in the presence of
nominal absence of HCO03 and by apically applied H2DIDS.DIDS in a time-dependent manner, reaching maximal inhibition
In the absence of HCO03 , IAA-94 inhibited about the sameafter 300±400 sec, and then remained stable. The inset shows the
fraction of ef¯ux as H2DIDS, while furosemide had no ef-family of curves representing the DIDS-inhibitable current (the in-
fect. Thus, there appears to be a portion of ef¯ux which isdividual currents measured in the absence of DIDS after subtraction
of the mean steady-state currents in the presence of DIDS). HCO03 -dependent and also a portion of ef¯ux which is
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HCO03 -independent, but equally inhibitable by externally such channels would be on the outer, apical trophectoderm
surface.applied H2DIDS or IAA-94. Ef¯ux, however, was never com-
pletely eliminated by any of these manipulations, indicat- At least two additional ¯ux components apparently oper-
ate during Cl0 ef¯ux but not during Cl0 re-uptake. Oneing that there is an additional component of ef¯ux which
is independent of HCO03 and insensitive to these inhibitors component was not inhibitable by our manipulations, and
thus its identity is unknown. The other requires HCO03 . Ofand furosemide.
Neither the ef¯ux rates nor the proportion which is sensi- known Cl0 transporters, only HCO03 /Cl0 exchangers re-
quire HCO03 , and thus, this component apparently involvestive to HCO03 varied with the size of the blastocoel cavity,
indicating that mechanisms mediating Cl0 ef¯ux do not HCO03 /Cl0 exchange. Such exchangers normally facilitate
Cl0 in¯ux into cells, and therefore a HCO03 /Cl0 exchangerdetectably change from early cavitating blastocysts through
fully expanded blastocysts. This does not support the hy- mediating ef¯ux would be basolaterally localized.
We have attempted to independently demonstrate the ex-pothesis that mechanisms of trophectodermal Cl0 transport
change during mouse blastocyst expansion. istence of the apical Cl0 channels and basolateral HCO03 /Cl0
exchangers indicated by our Cl0 transport studies. Patch-
clamp measurements indeed demonstrated that a major por-
The Relationship between Cl0 Ef¯ux and tion of apical trophectoderm current was inhibited by DIDS
Re-uptake in the two blastocysts examined, which indicates a Cl0
channel-mediated current. We also have preliminary dataWe found, surprisingly, that there was no detectable Cl0
re-uptake in blastocysts which had ef¯ux rates below a cer- indicating that removal of external (apical) Cl0 (replaced
with gluconate) produced a reversible decrease in total cur-tain threshold, the value of which was higher in the pres-
ence of HCO03 than in its absence. Above each threshold, rent, consistent with apical Cl0 channels mediating part of
the current (data not shown).however, there was a linear correlation between ef¯ux rate
and the subsequent re-uptake rate in each blastocyst. A Cl0 current of the magnitude observed would be capa-
ble of carrying about 1 fmole/sec of Cl0 into the blastocystMost interestingly, the dependence of re-uptake rate on
ef¯ux rate (above threshold) was identical in the presence at an arbitrarily chosen resting potential of about 020 mV
(the resting potential of trophectoderm cells is unknown).or the absence of HCO03 : linear regression lines were indis-
tinguishable in slope (Fig. 9; 95% con®dence intervals, Given that the mouse blastocoel contains approximately
150 mM Cl0 in its 400 pl ®nal volume (Borland et al., 1977),which are not shown, overlap), and the mean rates of re-
uptake were not signi®cantly different (Fig. 10). Therefore, all Cl0 accumulated during expansion could be supplied by
a current of this magnitude in roughly 14 hr. The time isthere is strong evidence for a Cl0 transport pathway which
is common to both ef¯ux and re-uptake and which is inde- probably an overestimate, given that the total apical current
is probably greater than that measured from one patch-pendent of HCO03 . Furthermore, apically applied H2DIDS
decreased the rate of ¯uorescence increase almost down to clamped trophectoderm cell (even if it is electrically cou-
pled to the others). Therefore, this appears to be a feasiblethe level of the nonspeci®c drift rate, indicating nearly full
inhibition. These data are consistent with the existence of pathway for Cl0 uptake during expansion, but further inves-
tigations of channel participation in Cl0 transport across thea single signi®cant Cl0 re-uptake pathway that is likely
identical to the HCO03 -independent Cl0 ef¯ux pathway that mouse trophectoderm are clearly needed. We are presently
undertaking such investigations.is inhibited by apically applied H2DIDS and IAA-94.
The existence of the threshold for Cl0 re-uptake indicates We showed here that intact blastocysts exhibited little
change in intracellular pH upon Cl0 removal, indicatingthat there are additional mechanisms of Cl0 ef¯ux which
do not participate in Cl0 re-uptake. Such multiple ef¯ux little apical HCO03 /Cl0 exchange activity. In contrast, col-
lapsed blastocysts exhibit signi®cant HCO03 /Cl0 exchangepathways were also indicated by the ef¯ux measurements.
The level of the threshold in the absence of HCO03 thus activity, as we previously reported (Zhao et al., 1995; Zhao
and Baltz, 1996), indicating that HCO03 /Cl0 exchange activ-represents the contribution of the component which was
insensitive to inhibition by any of the pharmacological ma- ity exists in blastocysts at sites other than the apical troph-
ectoderm. This is consistent with a basolateral localization.nipulations tested, whereas the threshold in the presence
of HCO03 represents the sum of that component and the We have previously demonstrated the presence in blasto-
cysts of the mRNA products of two HCO03 /Cl0 exchangerHCO03 -dependent component.
genes, AE2 and AE3 (Zhao et al., 1995). Here, we have used
an antibody raised against a peptide epitope speci®c to the
Possible Identities of the Transporters Mediating AE2 isoform in an attempt to determine the spatial pattern
Cl0 Ef¯ux and Re-uptake of AE2 protein expression. AE2 protein appears to be ex-
pressed at a low level in blastocysts; immunostaining isThe Cl0 transport pathway which is apparently common
to both ef¯ux and re-uptake has the following characteris- much less intense than at the 4- to 8-cell stages (Fig. 13A)
or at the zygote and 2-cell stages (unpublished). AE2 appearstics consistent with Cl0 channels: HCO03 -independence and
equivalent sensitivity to inhibition by H2DIDS and IAA-94. to be localized to the basolateral, rather than the apical,
trophectoderm: the best evidence for this contention is thatBecause both Cl0 ef¯ux and Cl0 re-uptake are inhibited by
apically applied H2DIDS, the most likely localization for bright immunostaining for AE2 appeared in the same pat-
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tern as staining for Na//K/ ATPase, a known basolateral
membrane marker. In addition, AE2 immunostaining never
appeared on trophectodermal cell membranes which could
be unequivocally identi®ed as apical. The diffuse staining
of cytoplasmic regions seen with the AE2 antibody was not
speci®c, in that it was not competed by excess peptide anti-
gen. Such diffuse staining did not preclude detection of the
speci®c immunostaining of membranes. Thus, the only spe-
ci®c AE2 immunostaining in blastocysts appears to be local-
ized to the basolateral membranes. Therefore, at least one
of the two isoforms of HCO03 /Cl0 exchanger whose mRNA
is expressed in blastocysts appears to be preferentially local-
ized to the basolateral trophectoderm, in agreement with
activity measurements. This basolateral localization of AE2
is consistent with that observed by immunocytochemistry
in all other epithelial tissues examined to date.
How do our ®ndings ®t with previously reported data on
possible Cl0 transport pathways in the mammalian blasto- FIG. 14. A model of Cl0 transport in the mouse blastocyst troph-
cyst? Our data are in good agreement with what has been ectoderm. The trophectoderm is represented with its basolateral
reported for Cl0 ef¯ux from the rat blastocoel, where Brison surface to the left and apical to the right. Apical tight junctions
and Leese (1993) found that Cl0 ef¯ux was inhibited by between the cells are indicated by small rectangles. Paired rectan-
gles indicate apical Cl0 channels, the circle represents a HCO03 /Cl0H2DIDS or the absence of HCO03 and concluded that
exchanger, and the paired ellipses indicate a separate, unspeci®ed,HCO03 /Cl0 exchange was mediating a portion of the ef¯ux.
HCO03 -independent Cl0 pathway in the basolateral membrane. TheHowever, their assumption that the ef¯ux and uptake
model is discussed in the text.mechanisms would be identical, and that therefore that
HCO03 /Cl0 exchange would also mediate Cl0 uptake, is not
supported by our data.
In the mouse, Manejwala et al. (1989) found that 36Cl0
We found no evidence of the apical furosemide-sensitiveuptake during blastocyst expansion was not inhibited by
Na/, Cl0 cotransporter reported in the rabbit (Benos andCl0 transport inhibitors. Furthermore, Cl0 uptake was not
Biggers, 1983). However, as discussed in the Introduction,saturable, in contrast to Na/ uptake. They therefore con-
such cotransport appears to be speci®c to the rapid-expan-cluded that the route for Cl0 entry was likely to be paracel-
sion phase of this maximally expanding type of blastocyst,lular. The lack of saturability over the range of Cl0 concen-
and its absence from the minimally expanding mouse blas-trations employed might also be consistent with Cl0 chan-
tocyst is not surprising.nels, as channels generally have a much higher carrying
capacity than exchangers and carriers. However, the ab-
sence of DIDS inhibition of 36Cl0 uptake reported by Manej- A Model of Mouse Blastocoel Cl0 Transport
wala et al. (1989) contrasts with the marked H2DIDS inhibi-
tion of re-uptake which we described. One possible explana- We propose a model (Fig. 14) of trans-trophectodermal
Cl0 transport which incorporates the apical Cl0 channelstion is that Cl0 re-uptake is via a different mechanism than
uptake during blastocoel expansion. Another explanation and basolateral HCO03 /Cl0 exchangers indicated by our data.
In addition to HCO03 /Cl0 exchangers, a separate HCO03 -could be that any inhibition by DIDS of 36Cl0 uptake by a
group of blastocysts, as measured by Manejwala et al. independent basolateral pathway is proposed, to accommo-
date the HCO03 -insensitive Cl0 movement into the blasto-(1989), is masked by the marked variability in uptake rates
between blastocysts, but detectable when measured within coel observed during re-uptake. For simplicity, we do not
show the apparent ef¯ux component which was not inhib-individual blastocysts.
FIG. 13. Immunohistochemical detection of the AE2 HCO03 /Cl0 exchanger isoform. Immunohistochemistry was performed as described
in the text. A, C, and G are stained with AE2-speci®c antibody in the presence of irrelevant peptide, while B, D, and H are adjacent
sections stained in the presence of the AE2-speci®c peptide against which the antibody was raised. E shows staining with anti-a1 Na//
K/ ATPase subunit antibody. F is a phase-contrast micrograph of the section shown in C. The blastocysts were fully expanded, but have
partially collapsed during ®xation. Immunolocalization of AE2 is evident in plasma membranes of 4- and 8-cell embryos (A,B). In blastocysts,
the strongest AE2 immunostaining localizes to the basolateral trophectodermal surface, with little staining evident on the apical surface
(C,D,G,H). AE2 and Na//K/ ATPase apparently colocalize in basolateral membranes (compare adjacent sections C and E), although AE2
shows additional fainter, diffuse intracellular staining, most of which cannot be competed with excess peptide antigen (B,D,H). The
collapse of the blastocyst shown in G and H has resulted in a section of trophectoderm being sectioned parallel to the basal surface at
the lower right, especially in H; these cells show circumferential AE2 immuno¯uorescence (G). Bars indicate 25 mm.
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